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Abstract

A survey of the historical development of methods for predicting the performance of ionospheric HF radio sys-
tems is presented, with special emphasis on modelling. The models considered are ionospheric characteristics
and electron-density profile models, a propagation model, transmission loss and gain factors models, character-
istics of radio noise models and a reliability model.

Key words:  modelling — propagation — prediction months. The methods are based on climatologi-
procedures cal models of the ionospheric behaviour devel-
oped from a long series of past measurements.
The prediction itself is based on the prediction
of the solar activity level. The term «retrospec-
tive» is sometimes utilised for the methods to
describe representative monthly median iono-

1. Introduction

The historical development of ionospheric
prediction methods is reviewed. In order to pro- .
vide accurate predictions, models are needed. spheric maps. - .
The models considered are ionospheric charac- Long-te.rrn p redlctlgns are n§eded fgr radio
teristics and electron-density profile models, a system design and testing, cireuit Pla“m“g’ fre-
propagation model, transmission loss and gain  quency management and service planmpg. Typ-
factor models, characteristics of radio noise ‘C.a.l and extreme estlmates’ of propagation con-
models and a reliability model. Several ap-  ditions are required for radio system design and
proaches to obtain this are summarized. A sur- test}ng. For 01rcu1t.plann1r%g,' the' predlctlpn has
vey of methods for predicting the performance N important role in providing information on
of HF radio systems is presented. HF is here  the choice of transmitter location, frequency
taken as the frequency band 1.6-30 MHz, A range, transrmttgr power, modulation and the
distinction is made between long-term predic- se':lectlon of suitable antennas. Present tech-
tions and short-term predictions. Finally, this ~ Duques for frequency management are largely
paper introduces the areas where further work  based on HF long-term predictions. It should be
is required. not.ed.tl.lat therq are rela'tlvely few studies on

Long-term predictions are typically estab- optimising service ;_)Ianmng. Therej is also an
lished for specified solar activity levels and  important role for improved prediction tech-

niques to exploit the potential of the HF spec-
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to-day variations. The need for frequency man-
agement as an aid to improve radio-circuit op-
erations has been pointed out by King and Slat-
er (1973) and the implications of the daily vari-
ations on HF communications circuits has been
analysed by Rush et al. (1974). Usually the
term forecast is adopted for the practical
schemes which are based on solar-terrestrial re-
lations. In the limit of zero lead-time, the fore-
cast becomes a real-time assessment of the ion-
osphere or a Real-Time Channel Evaluation
(RTCE) for HF communications. The term
«now-casting» is often used to describe an ob-
servation-intensive approach at very-short term
(up to one hour) ionospheric forecasting.

During the last decades research efforts
were first devoted to long-term predictions,
then to short-term predictions. In recent years, a
need appears for ionospheric mapping for a
fixed epoch and a single day (instantaneous
maps) for remote sensing systems (especially
for over-the-horizon radars) and single-station
target location systems (Bradley, 1991a,b).
They also produce a wealth of information for
retrospective investigations, for example to ex-
plain the reasons for communication break.
Figure 1 shows the relations between the vari-
ous time scales.

Prediction techniques consist of four main
stages. Firstly, it is essential to predict the state
of a set of selected ionospheric characteristics
and to yield an electron-density height profile
along the propagation path between the trans-
mitter and the receiver. Secondly, the ray paths
of all probable propagation modes must be de-
termined. Then, it is necessary to evaluate the
received sky-wave field strength (or the avail-
able receiver power) and the signal-to-noise ra-
tio by summing the received powers from the
separate ray paths. This stage includes the de-
termination of the Maximum Usable Frequency
(MUF), which is the highest frequency that
would permit an acceptable performance of a
radio circuit at a given time under specified
working conditions, and the Lowest Usable
Frequency (LUF), which is the lowest fre-
quency that would permit an acceptable perfor-
mance of a radio circuit at a given time under
specified working conditions. Finally, the vari-
ability parameters of the ionosphere, which oc-
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curs within the hour and day-to-day within a
month, are evaluated to give the probability of
achieving an acceptable degree of service.

2. Models

The accuracy associated with any perfor-
mance prediction method is critically depend-
ant upon the ability to predict reliable models.
It is not surprising that most international ef-
forts have been devoted to modelling. Models
typically require as inputs terminal locations,
certain equipment information (i.e. transmitter
power, transmitting and receiving-antenna
gains or configuration) and terrain and sitting
information, month or day of year and an index
used to characterize the state of the ionosphere.
In addition, certain other system information
and an interference model are necessary. Only a
brief review can be given in this paper but a
complete reference list is provided for the inter-
ested reader. Formulae are not provided as they
serve only the expert reader. These formulae
are to be found in the original papers.

2.1. Indices for ionospheric predictions

The notion of indices for prediction is based
on the assumption that the variations of the im-
portant characteristics of the ionosphere are
well correlated with certain quantities associ-
ated with changes in solar and geomagnetic ac-
tivity. As the state of the monthly median iono-
sphere depends almost exclusively on solar ac-
tivity, any ionospheric prediction will be based
on predictions of solar activity. Two types of
indices are suitable: solar indices and iono-
spheric indices. Solar indices are measurable
quantities of the solar activity or of a specified
solar radiation. Ionospheric indices are the
quantification of the global change in iono-
spheric characteristics at selected long-estab-
lished ionospheric observing stations. It is to be
noted that the correlation between these indices
and the ionospheric characteristics are only evi-
dence of associated phenomena. The 12-month
running mean sunspot number R,, has been
generally adopted as the index to be used for all
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Fig. 1. Various time scales in predictions.

long-term ionospheric predictions. Nevertheless
the solar noise flux about 10 cm wavelength
made in Canada should be regarded as the ref-
erence index for dates up to one month. The in-
dex T which was developed in Australia (IPSD,
1968) especially for use with the Australian
ionospheric maps has been adopted on various
other occasions. A survey of different available
indices for long term ionospheric predictions
has been provided by the International Tele-
communication Union Radio- communication
Sector (ITU-R, 1995a). Recommended choice
of indices to be used in different scenarios is
given. Investigation is being done of the merit
of an effective sunspot number SSN. (Secan and
Wilkinson, 1997) and an improved new iono-
spheric index MF, (Mikhailov and Mikhailov,
1995). This MF, index provides the best critical
frequency of the F,-layer versus solar activity
regression compared to the usually adopted in-
dices. However it is recognised that no index is
perfect but at the present time understanding of
solar-terrestrial relationships is not complete,
although work is advancing.

2.2. Ionospheric characteristics

The regular observations from the ground-
based ionosondes network provided the bases
for the development of numerical representa-
tions of an appropriate choice of ionospheric
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characteristics. For the prediction of the monthly
median value of the E-layer critical frequency
(f,E) and the F,-layer critical frequency (f,F),
empirical formulae in terms of solar-zenith an-
gle are usually adopted. For the other iono-
spheric characteristics a numerical mapping
technique based on orthogonal functions is gen-
erally applied.

2.2.1. Global mapping

The ITU-R provides recommended expres-
sions for the prediction of ionospheric charac-
teristics. The formulations yield values for any
location, month and time-of-day for different
solar epochs. Details are given in ITU-R
(1997a). Computer programs associated with
the prediction procedures are available from the
ITU (ITU-BR, 1997).

The representation of £E currently recom-
mended by the ITU-R was given by Muggleton
(1975). The method is based on all published
data over the years 1944-1973 from 55 iono-
spheric stations. The formulae are very accurate
except around sunrise and sunset where the so-
lar zenith angles are large: tests of the accuracy
give a median standard deviation of 0.11 MHz.
It is to be noted that the computer program of
ITU-BR contains revisions of the original equa-
tions derived by Muggleton.
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The derived expressions for predicting f,F |,
currently recommended by the ITU-R, are
based on data recorded from 1954 to 1966 at 39
ionospheric stations located in both hemi-
spheres (Ducharme et al., 1973). Improvements
of the F,-layer model should be shortly final-
ized, especially regarding the critical frequency
(Zolesi and Mosert de Gonzalez, 1995) and the
probability of the occurrence of the F, ledge
(Scotto et al., 1997).

Models of the critical frequency of the
F,-layer (f,F,) and M(3000)F),, a factor which,
when multiplied by fF,, gives the Maximum
Usable Frequency (MUF) were developed by
Jones and Gallet (1965), Jones et al. (1969) and
Jones and Obitts (1970) and are also available
in the form of a set of numerical coefficients
for each month of the year and for reference
levels of low and high solar activity (ITU-BR,
1997). The numerical representation was made
in universal time, rather than in local time as it
was usually made at the time of the original pa-
pers, and a modified magnetic dip was adopted
as the main latitude coordinate instead of geo-
graphic latitude. The general form of the nu-
merical mapping function is the Fourier time
series. Values of f,F, and M(3000)F, for any so-
lar activity level are calculated by linear inter-
polation or extrapolation deduced from the co-
efficients for the two reference levels of solar
activity. In the case of f,F,, a second set of coef-
ficients (Jones and Obitts, 1970), based on a
parabolic dependence on solar activity index,
produces f,F, values for any day of the year and
for any solar activity. The first coefficient set
was adopted by the CCIR in 1966, previously
named the «CCIR coefficient» set, and up to
now recommended by the ITU-R. Data for five
years, 1954, 1955, 1956, 1957 and 1958, were
analysed. The use of data from 1964, to supple-
ment the 1954 data, was necessary to fill some
large gaps for mapping most of the southern
hemisphere. With the irregular distribution of
ionosondes and the absence of measurements
over the oceans, there are a number of known
major deficiencies. Using further ionosonde
data sets, new f,F, maps have been produced.
At once, a different set of coefficients was de-
veloped using observed values of f,F, and theo-
retically generated values in order to improve
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the representation of f F, over the oceans and
other regions where no ionosondes have existed
(Rush et al, 1984). Then, using more recent
data and theoretically generated values over the
oceans, a new set of coefficients, named the
«URSI coefficient» set, was generated (Fox and
Mc Namara, 1988; Rush et al., 1989). No up-
dates of the M(3000)F, maps have been com-
pleted.

A set of numerical coefficients defining the
diurnal, geographical and seasonal variations of
the medians and upper and lower deciles of .,
critical frequency of the sporadic-E layer, for a
year of minimum solar activity and one of max-
imum solar activity, and a set of numerical co-
efficients defining the variations of the medians
and upper and lower deciles of the f,E_ (blanket-
ing sporadic-E) for a year of minimum solar
activity were produced by Leftin et al. (1968)
and Leftin and Ostrow (1969) respectively. The
mapping procedure of Jones and Gallet (1965)
was adopted. Unfortunately, the coefficients are
based only on the data from a few stations and
many deficiencies appear on the global-scale
representation by the non-existence of a truly
global set at the time when the coefficients
were assembled. Using a different approach, a
prediction method was developed in the former
U.S.S.R. which provides the probability of E|
reflection at a given frequency (Chernishyev,
1968) and maps showing the percentage of time
for which fF, exceeds 7 MHz were also pro-
duced by Smith (1976, 1978).

The percentage occurrence of spread-F was
determined from the ionospheric data from the
network of vertical-incidence ionosonde sta-
tions for a year of high solar activity and for a
year of low solar activity (Davies, 1972). The
mapping technique of Jones et al. (1969) was
used.

Numerical maps have been also generated
using the same technique for years of maxi-
mum and minimum of solar activity of K’F,
which is the minimum observed virtual height
of reflection of vertical incidence signals from
the F region (generally from the F,-layer at
night and from the F'-layer in the daytime), and
of WF,F,, which is the minimum observed
virtual height of reflection of vertical incidence
signals from the F,-layer both at night and in
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the daytime (Leftin et al., 1969). The mapp-
ing technique of Jones et al. (1969) was also
used.

2.2.2. Regional ionospheric mapping

Section 2.2.1. notes that major deficien-
cies on the global-scale representation appear
with the irregular distribution of the vertical-
incidence ionosonde stations and that the global
maps in current international use are based on
measurements taken three decades ago. How-
ever, in some areas, large data sets are now
available. Specifically, Europe has a very large
data set of measurements and this offers the
possibility to develop improved models for the
European region.

The procedure which has been established in
the framework of COST (European Coopera-
tion in the Field of Scientific Research) Action
238 (PRIME, Prediction and Retrospective Ion-
ospheric Modelling over Europe), for the geo-
graphical area between latitudes 35-55°N and
longitudes 10°W-30°E, are significantly better
than those derived from existing global meth-
ods (COST, 1995). An important aspect of the
work was to provide an interface to global
maps and models outside the European area.
This was achieved by means of a «buffer zone»
for a smooth transition in this region. Principal
features are embodied in a final computer pro-
gram with a range of optional outputs for mi-
crocomputer evaluation. One of the objectives
of a follow-on Action 251 (Improved Quality
of Service in Ionospheric Telecommunication
Systems Planning and Operation) is to further
refine these models and to widen their geo-
graphical area of applicability to 70°N north-
wards and 60°E eastwards. A review of prog-
ress in regional mapping has been provided by
Zolesi and Cander (1996a), with the emphasis
on work in the frame of COST 238 and 251
projects.

In this frame, several regional models have
been developed to provide improved long-term
maps of fiF, and M(3000)F, within the Euro-
pean area. The potential of two of these tech-
niques, based on the simplified ionospheric
regional model and on adjusted spherical cap
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harmonic analysis procedures, were adopted
and applied by Zolesi et al. (1996) to different
mid-latitude areas such as Northeast America,
Northeast Asia, Southeast America and South-
east Australia. Notwithstanding the simple
model formulation and the reduced number of
numerical coefficients involved, a good agree-
ment was found between the modelled and ob-
served monthly medians for the selected iono-
spheric parameters coming from a sparse net-
work of stations operating within the above re-
gions.

A new monthly median f,F, and M(3000)F,
model, MOMF,, based on the multiquadric
method of spatial interpolation and the new ef-
fective ionospheric index MF, was derived for
the European region (Mikhailov et al., 1996). A
non-linear dependence of f£,F, and M(3000)F,
on solar activity level, expressed by MF, index,
was adopted to generate local models for each
ionosonde station. Outside the COST 251 area
the model smoothly interfaces to the global
ITU-R model. The multiquadric method allows
a surface to be drawn strictly over a given set of
points unlike other currently used mapping
methods. The MOMF, method provides better
accuracy than the ITU-R model in retrospective
mode over Europe.

Other regional models for £,F, and M(3000)F N
have been developed for different areas of the
world. For example, the Chinese Reference
Ionosphere (CRI) model was developed for use
in the Chinese subcontinent (Jiao and Wu,
1996). A prediction method of the median JE,
for temperate latitudes was also developed by
Giraldez (1980).

2.2.3. Instantaneous ionospheric mapping

Instantaneous mapping is defined as the
technique that is applied when simultaneously
measured or forecast values of ionospheric
characteristics at limited numbers of locations
are utilised for map generation appropriate to a
single moment of time. Generally the number
of measurement locations is insufficient for the
production of fully accurate maps, even over a
restricted geographical region, and artificial
screen-point values must be used to constrain
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the mapping contours in remote areas without
no-physical gradients of electron concentration
(Stanislawska et al., 1996). The methods com-
prise choosing the form of the smoothing func-
tions between the measurements and of adopt-
ing screen-point values in regions where there
are no measurements. Reviews of instantaneous
ionospheric mapping methods were made by
Bradley (1993a,b, 1996) who considers three
classes of approach to mapping.

Harmonic fit over a geographic grid — Vari-
ous functional representations are possible, for
example, Adjusted Spherical Harmonic Analy-
sis (De Franceschi and De Santis, 1995),
Empirical Orthogonal Functions (Singer and
Dvinskikh, 1991), multiquadric method with
additional screen-points generated by sin-
gle-stations models and external zone points
generated by global model (Mikhailov et al.,
1995).

Contouring — The techniques involve the
generation of a uniform latitude-longitude grid
of values and interpolation among these with
gridding achieved by Kriging (Samardjiev
et al., 1993; Bradley et al., 1995; Stanislawska
et al., 1996), minimum curvature or inverse-
distance procedures.

Physical models — Parameterised versions of
theoretical models, where the theoretical model
is parameterised in terms of solar-terrestrial
factors, have been developed on a global scale
(Tascione et al., 1988; Daniell et al., 1993) or
for restricted areas (Anderson et al., 1987,
1989).

Examples of available methods that should
be utilised for instantaneous regional mapping
are listed in table I. There are currently no
available methods of producing global instanta-
neous maps.

2.3. Electron-density height profile
The availability of a model of the elec-

tron-density height profile is fundamental for
supplying HF propagation predictions. The pro-
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file models that are currently in use can be
divided into three types: theoretical, par-
ameterised and empirical models. Different
approaches to achieving this have been re-
viewed by Cander et al. (1996) and Radicella
(1996).

Theoretical models are based on the solution
of the equations controlling the ionospheric
plasma. Only under very approximated assump-
tion is this analytical, and even so, the bound-
ary conditions are extremely complex. How-
ever, important progress has recently been
made and the finest models reproduce the main
climatic ionospheric variations. Nevertheless,
because of their complexity, theoretical models
are not suitable for operational modelling on
HF radio propagation but are appropriate for
specific geophysical studies and must be help-
ful to improve the knowledge of the complex
physical processes existing in the ionosphere.
In particular, they supply useful figures for gen-
erating and testing new models. Furthermore,
some inputs parameters of the theoretical mod-
els are not accessible everywhere and the accu-
racy of these inputs limits the overall accuracy
of the model.

Parameterised models (see section 2.2.3.)
are primarily suitable for instantaneous iono-
spheric mapping.

Empirical models are based on the iono-
spheric characteristics obtained from the net-
work of vertical-incidence ionosonde stations.
They are best approximations for supplying HF
propagation predictions. In order to attain a
whole electron-density height profile, the iono-
spheric characteristics models must be coupled
with a presumed distribution of the elec-
tron-density. Several empirical models are
listed in table II. The best known and widely
applied empirical model is the International
Reference Ionosphere (IRI), (Bilitza, 1990)
produced by a joint COSPAR/URSI Working
Group. This model is given in terms of LAY
functions (Bossy, 1987) to provide a smooth
height variation of electron density and gradi-
ent, therefore making the model appropriate for
ray-tracing applications. Investigation has con-
tinued to improve the IRI (Bilitza et al., 1993;
Bilitza, 1997) and different refined versions of
this model have been released. Information on
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Table 1. Available instantaneous regional mapping methods.

Model References General characteristics

SLIM Anderson et al. (1987) Semi-empirical Low-latitude Ionospheric
parameterised Model

ICED Tascione et al. (1988) Ionospheric Conductivity and Electron Den-
sity parameterised Model

FAIM Anderson et al. (1989) Fully Analytical low- and middle-latitude
Tonospheric parameterised Model

PRISM Daniell et al. (1993) Parameterised Real Time Ionospheric Speci-
fication Model

KIM Samardjiev et al. (1993) Kriging approach

KIM2 Bradley ez al. (1995) Kriging approach with screen-points

IMASHA De Franceschi and De Santis (1995) Adjusted Spherical Harmonic Analysis

MQMF2-IM Mikhailov er al. (1995) Multiquadric method with ionospheric index
MF, and with additional screen-point values

K2 Stanislawska er al. (1996) Kriging approach

Table II. Empirical electron-density height mapping methods.

Model

References

General characteristics

Bradley and Dudeney

Chiu model

Bent
Dudeney
RADARC

IONCAP

IRI

RAL multi-quasiparabolic
DGR

AVR

Bradley and Dudeney (1973)

Chiu (1975)

Bent et al. (1976)
Dudeney (1978)
Thomason et al. (1979)

Teters et al. (1983)

Bilitza (1990)

Dick and Bradley (1992)
Radicella and Zhang (1995)

Huang and Reinisch (1996)

Parabolic and linear segments, no D and F| re-
gions, no E-F valley, UIT-R peak parameters

Three Chapman functions for the E-, F,- and
F-layer, phenomenological description of peak
layers parameters

Three exponential topside segment, bottomside
bi-parabolic

Trigonometric-function segments, no D region,
no E-F valley, UIT-R peak parameters

Parabolic E - and F,-layers, linear or parabolic
F-layer, E-F valley, ITS peak parameters

Parabolic and linear segments, exponential de-
crease below E region, E-F valley, UIT-R peak
parameters

Special functions, called LAY-functions, for D-
and E-layer, E-F valley, F - and F,-layer, modi-
fied Bent model for topside ionosphere

Seven segment quasi-parabolic, continuity of
profile and gradient, UIT-R peak parameters

Epstein layers formulation, characteristic points
of empirical expressions

Average representation of boundary values and
coefficients from digisonde ionograms
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the current activity of electron density height
profile shape below F, peak-density is given in
the Proceedings of the IRI Task Force Activity
1995 (Radicella, 1995). The simple empirical
model produced by Bradley and Dudeney
(1973) was recommended by the ITU-R. It con-
sists of a parabolic E-layer, a linear increase in
electron-concentration with height in the F, re-
gion and a parabolic F,-layer. Difficulties in
ray-tracing application appear with discontinu-
ities of profile and gradient in this model. Rec-
ommended procedures for ray-path predictions
in ITU-R (1997a) use now the RAL multi-
quasiparabolic model ionosphere (Dick and
Bradley, 1992) which provides continuity of
profile and gradient.

The possibility of interfacing region and
global electron density height profile models
over a buffer zone was analysed by Zolesi and
Cander (1996b).

2.4. Transmission loss and gain factors

The choice of the optimum working fre-
quency depends above all on the available re-
ceiver power. This parameter is directly related
to the attenuation along the link and the perfor-
mance of the equipment used (transmitter
power, transmitting and receiving-antenna
gains). The available receiver power is esti-
mated in terms of a number of factors which
are given by empirical equations or deduced
from theory.

2.4.1. Spatial attenuation

Spatial attenuation is due to the fact that
transmitted energy diverges from the antenna
(propagation in free space), but a certain con-
vergence is produced in the ionosphere, which
in this way acts as a concave mirror. It is suit-
able to consider spatial attenuation as consist-
ing of two components: an equivalent free-
space attenuation and a focus gain. Focusing is
important only on low elevation paths (about
10 and 3 dB at 1 and 8 degrees elevation angle
respectively but only about 1 dB at 60 degrees).
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Current empirical equations are based on ray-
tracing calculations through a representative set
of ionospheric models.

2.4.2. ITonospheric absorption

Ionospheric absorption is usually the major
loss after spatial attenuation in HF propagation.
The term non-deviative absorption is used to
denote the loss in the D- and E-regions when
the refractive index is approximately equal
unity and deviative absorption in other cases.
At high latitudes there is an additional non-
deviative absorption associated with the arrival
of energetic electrons and solar protons from
the magnetosphere under disturbed conditions.

2.4.2.1. Non-deviative and deviative absorption

The estimation of non-deviative and deviative
absorption is derived from vertical-incidence
absorption measurements and ray-tracing calcu-
lations. The absorption is approximately pro-
portional to the number of collisions per second
and inversely proportional to the square of the
frequency, except for the lowest part of the HF
band. The classical model is that described by
George and Bradley (1974). In this approach,
the absorption is given in terms of the solar ze-
nithal angle, the season, the location, the fre-
quency, the electron gyrofrequency, the number
of ionospheric reflections, the angle of eleva-
tion of the ray at the ground and the solar activ-
ity. Non-deviative absorption increases rapidly
with increase in solar zenith angle and decrease
of frequency (for a path length of 5000 km and
medium solar activity, about 5 dB during mid-
night at frequencies near the MUF and about 50
dB at noon at frequencies half the MUF).
Deviative absorption is usually less than 2 dB
and introduced as a correction factor in the ab-
sorption equation.

2.4.2.2. Auroral absorption

If trajectories penetrate zones of high lati-
tude, absorption may be considerably greater
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because of the increased electron concentration
at low altitudes. Although the wide day-to-day
auroral absorption variability, it is usually ac-
cepted that the monthly median auroral absorp-
tion can be represented numerically. The avail-
able empirical models make use of riometer
data. Among the different models, a preference
should be given to the model proposed by
Foppiano (1985). This model makes use of
riometer data from 27 stations mainly in the
Northern hemisphere. The empirical relations
are expressed in terms of corrected geomag-
netic latitude, corrected geomagnetic longitude
and corrected geomagnetic local time.

2.4.3. Sporadic-E obscuration and reflection
losses

The «expression sporadic-E obscuration
losses» is adopted to define the losses by scat-
tering from sporadic-E associated with pas-
sages through this region. Obscuration losses
are introduced using empirical relations derived
from HF signal-strength measurements using a
procedure established by Sinno ef al. (1976).
Obscuration losses are expressed in terms of
frequency, f,E, and zenith angle of the oblique
ray at a height of 110 km.

A technique for estimating sporadic-E re-
flection losses as a function of frequency, mid-
path value of fE and distance was devel-
oped by Miya et al. (1978). This technique was
modified by Teters et al. (1983). Although the
method was based on signal-strength measure-
ments essentially at VHF for middle-latitude
paths, this is taken as applying for all latitudes.
It should be noted that sporadic-E modes are
taken into account in almost all procedures only
for frequencies above the monthly median
MUF.

2.4.4. Polarization-coupling loss

An upgoing wave incident on the ionosphere
is divided into an Ordinary (O) and an Extraor-
dinary (X) wave. These two waves may be re-
garded as propagating separately in the iono-
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sphere with more or less different ray paths and
different absorptions. The fractions of power
coupled to the O and X waves and, as a conse-
quence, the fractions of power coupled to the
receiving antenna depend on the polarization of
the wave after the exit from the ionosphere. Re-
sults have been presented by Bradley (1968).
Polarization-coupling loss is usually less than
5 dB but in some circumstances it is greater
than 20 dB. Although this shows that it is im-
portant to include a full computation of polar-
ization-coupling loss in a prediction procedure,
this is generally not expressly calculated.

2.4.5. Multi-hop ground-reflection loss

Multi-hop ground-reflection losses are cal-
culated in terms of Fresnel-reflection coeffi-
cients for a circularly-downcoming wave. The
Fresnel coefficients can be evaluated as a func-
tion of the elevation angle of the downcoming
wave, the frequency, the ground conductivity
and the relative dielectric constant. The ground
electrical characteristics can be derived from a
numerical map of land-sea and land-ice bound-
aries. The map adopted in CCIR (1980) also
gives a gradual transition between the limiting
values near the land-sea and ice-sea boundaries.
These calculations are lengthy and are not in-
troduced in most of the prediction procedures.
A constant loss of 2 dB per hop irrespective of
ground characteristics, frequency and angle is
generally adopted.

2.4.6. Loss associated with propagation
at frequencies above the MUF

Reception of the signal is often achieved at
frequencies above the predicted MUF. Propaga-
tion mechanisms which may give rise to propa-
gation at frequencies above the MUF are as fol-
lows : ionospheric roughness, ground back- and
side-scatter, higher order mode back-scatter,
ducted modes, chordal hop propagation, direct
ionospheric  scatter, sporadic-E propagation,
auroral scatter and meteor scatter. The different
mechanisms are described in ITU-R (1997b).
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The various formulae which have proposed for
above the MUF loss are described by Hagn
et al. (1994). Two simple empirical expres-
sions, respectively for £ and F modes, are
adopted in ITU-R (1995b) to give a smooth de-
crease of field strength with increase in fre-
quency. Above the MUF, losses increase rap-
idly with increase in frequency (about 30 dB at
frequencies 1.5 time the MUF). Work is in
progress within the ITU-R to devise a more ac-
curate method.

It should be noted that the estimation of the
above the MUF loss is of great interest for the
prediction of signal strength of interfering sig-
nals which may be received at frequencies
above the MUF. Prediction of the desired signal
at frequencies above the MUF is less useful be-
cause the propagation mechanisms involved
give rise to a multitude of time delays.

2.4.7. Transmitting and receiving-antenna gains

The transmitting and receiving-antenna
gains along the ray directions are required to
evaluate the available receiver power. Gen-
erally the most reliable estimates of gains are
obtained from measurements. Antenna pattern
is then introduced as a matrix of numbers. Un-
fortunately, such information is habitually not
available and use must be made of theoretical
values. For many applications the procedure
developed by Haydon et al. (1976) should be
used. The equations are pertinent for various
basic types of antenna situated over horizontal
uniformly plane ground of finite conductivity.
For broadcasting planning, the information in
ITU-R (1995c) should be used.

2.4.8. Day-to-day variations

The loss terms presented in the previous
sections give estimates of the monthly median
value of the overall transmission loss. The
day-to-day variations in signal strength are usu-
ally determined by adopting tables of transmis-
sion-loss variability parameters T, and T, sepa-
rately for transmission ranges less than or equal
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to 2500 km and greater than 2500 km, as a
function of season, midpath local mean time
and midpath geomagnetic latitude (Barghausen
et al., 1969). T is the deviation exceeded from
the monthly median transmission loss for 10%
of the time and 7, is the transmission loss ex-
ceeded from the monthly median transmission
loss for 90% of the time.

2.5. Characteristics of radio noise

For the estimation of the performance of HF
radio systems, it is insufficient to consider the
signal level alone. The characteristics of radio
noise in the bandwidth of the receiving equip-
ment and the level of unwanted interfering sig-
nals at the receiver are major factors limiting
performance.

A requested signal-to-noise protection ratio
(or signal-to-interference) value is needed to
run a performance prediction computer pro-
gram. ITU-R Recommendations 240 (ITU-R,
1994a) and 339 (ITU-R, 1994b) provide sig-
nal-to-noise ratios and signal-to-interference
protection ratios required for various classes of
emission in the fixed service and ITU-R Recom-
mendation 560 (ITU-R, 1997¢) provides infor-
mation on radio frequency protection ratios re-
quired in the broadcasting service respectively.

Noise can be divided into two types: noise
internal to the receiving system and noise exter-
nal to the receiving system. Internal noise has
the characteristics of thermal noise. Only exter-
nal noise is examined in this paper.

The external noise level consists of the com-
bined noise from three main sources.

Atmospheric noise — The source of atmo-
spheric radio noise is lightening discharges
which arise during thunderstorms. The noise is
propagated from all locations on the Earth to
the receiving antenna. An atmospheric noise
model is given in ITU-R Recommendation 372
(ITU-R, 1994c) as a function of geographic lo-
cation and season within 3-h time blocks. This
model is adopted universally.

Galactic noise — Galactic noise is due to ex-
tra-terrestrial sources. A median noise model is
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given in ITU-R Recommendation 372 as a
function of frequency.

Man-made noise — Man-made noise is the con-
sequence of human activity (radiation from elec-
trical equipment, power transmission lines, ....)
in the vicinity of the receiver. A man-made
noise model is given in ITU-R Recommenda-
tion 372 as a function of frequency for four en-
vironmental categories (business, residential,
rural and quiet rural).

Atmospheric noise usually predominates.
However for a number of environments (indus-
trial or business areas) in which atmospheric
noise is at a low level, man-made noise may
dominate the overall radio noise.

The unwanted signals from known transmit-
ters may be estimated in the same way as the
wanted signal. Interference is often greater at
night due to decreased absorption. The effect of
unknown transmitters is not easily quantified.
Only models for a limited number of locations
have been established.

2.6. Propagation model

In the frequency range concerned, the
Earth’s surface is generally a good reflector, a
ray path between two terminals near the Earth’s
surface may incorporate several successive re-
flections, alternately from the ionosphere and
the ground. There may even be successive re-
flections between two different ionospheric lay-
ers. The sky-wave paths considered are ray
paths via reflections from the regular E-layer,
the sporadic E-layer, the F-layer and mixed
modes. The maximum distance reached in a
single hop is limited for purely refraction rea-
sons, this distance seldom exceeds 2300 km for
a sporadic E-layer mode, 2500 km for a regular
E-layer mode and 3500 km for an F,-layer
mode. The F\-layer modes are important only
for distances in the 2000-3400 km range during
the summer months. The mixed modes are con-
sidered only for long distance links (usually
longer than 2500 km) and consist of one or two
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E-layers, or one sporadic E-layer, and one or
two F-layer reflections. However for opera-
tional reasons (i.e. antennas beamwidths), ray
paths must have elevation angles exceeding a
minimum specified value. Consequently of, the
maximum distance that can be reached in a sin-
gle hop is lower than the above limits. It should
be noted that sporadic E-layer modes are usu-
ally not introduced to calculate the operational
MUF but are only considered to calculate sig-
nal-strength.

A knowledge of the MUF is needed to cal-
culate the mode availability. The path MUF is
taken as the highest MUF of the different
modes. Firstly, it is necessary to define the po-
sition of the points along the propagation
path at which the ionospheric parameters will
be predicted (the so-called «control-point pro-
cedure»). MUFs may be evaluated by ray-
tracing procedures. Ray computations should
be made for series of increasing frequencies un-
til no propagation path to the desired transmis-
sion distance is feasible. Nevertheless, for oper-
ational reasons, a simpler approach based on
empirical formulae is adopted most of the time.
For example, MUFs are the product of critical
frequency and a «distance factor» obtained
from empirical equations as a function of
path length and reflecting layer height in
the procedure recommended by the ITU-R
(19974).

The probability that a ray path which has
been obtained using monthly median values of
the ionospheric characteristics will exist on a
given day of the month can be evaluated in
terms of the statistics of the day-to-day varia-
tions of the MUF. It is generally assumed
that MUF variations follow a y’-distribution.
The day-to-day variations of MUF of F-modes
are usually determined by adopting tables of
variability parameters F, and F, for different
ranges of R ,, as a function of season, midpath
local mean time and midpath geographic lati-
tude (Barghausen et al., 1969) where F_ is the
ratio of the upper decile to the median MUF
and F is the ratio of the lower decile to the me-
dian MUF. The fE is relatively constant from
day-to-day and fixed values of F, = 1.05 and
F, = 0.95 are taken as applying to the MUF
for E-modes.
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2.7. Reliability

The main parameters given by most HF pre-
diction methods in the 1980s were the MUF
and the field strength. However the practical re-
quirements of radiocommunication necessitate
information, not only on the MUF and the me-
dian value of the received signal intensity, but
also on the variations of the amplitude and dis-
persion of the desired signals and of the back-
ground noise and interference.

Two parameters of an HF radio system
which may be used to quantify the performance
are the predicted reliability and the predicted
compatibility. Reliability is defined as the prob-
ability that a specified performance will be
achieved by the system. Compatibility is a mea-
sure of the degradation a circuit, or a service,
will suffer in the presence of interference. In
the case of a single point-to-point circuit, cir-
cuit compatibility is defined by the percentage
of time during which a specified criterion of
service quality is achieved at the receiver loca-
tion in the presence of interference relative to
the value that would be obtained if only noise
were present. The above terms are preceded by
the word «basic» when the background is noise
alone and by «overall» when the background is
noise and interference. For broadcasting appli-
cations the minimum field strength is adopted
as the specified performance. For many other
applications it is convenient to adopt a given
value of signal-to-background ratio as the spec-
ified performance. Recommendation ITU-R
P.842 (ITU, 1994d) defines various classes of
reliability and compatibility which are conve-
nient to point-to-point circuit, area coverage
from one transmitter and network applications.
Reliability and compatibility of HF radio sys-
tems may be estimated according to the proce-
dures described in this Recommendation.

The evaluation of the basic circuit reliability
requires the following parameters: monthly me-
dian available receiver signal power, monthly
median atmospheric, man-made and galactic
noise powers, upper and lower decile devia-
tions (day-to-day and within-the-hour) from the
monthly median signal and noise powers and
required signal-to-noise ratio. The computation
of overall circuit reliability is similar to the

computation of basic circuit reliability except
the received powers from the potentially inter-
fering transmitters are summed and compared
with the available signal to determine the
day-to-day and the within-the-hour distribution
of hourly median signal-to-interference ratios.
This distribution is introduced with the hourly
median signal-to-interference ratio required for
the specified performance to compute the frac-
tion of time within the month the circuit can be
expected to operate successfully in the presence
of interference only. This percentage is com-
pared with the basic circuit reliability and the

Circuit parameters (locations, power, antennae, bandwidth,
required signal-to-noise ratio), hour, month, solar activity
index

Determine ionospheric reflection positions, Earth’s
magnetic field, electrical ground parameters

Compute antenna patterns

Predict values of ionospheric characteristics and model
parameters

IEvaluate atmospheric, man-made and galactic noise '

‘Determine MUF |

Evaluate monthly median sky-wave field strength (or
available receiver power), signal-to-noise ratio, LUF

Predict signal upper and lower decile deviations (day-to-
day and within-the-hour)

Predict signal-to-noise upper and lower decile deviations
(day-to-day and within-the-hour)

Compute basic circuit reliability (BCR)

Fig. 2. Simplified schematic representation of the
stages of computation of performance prediction
when the background is noise.
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overall circuit reliability is the lower of these
percentages. Figure 2 is a simplified schematic
representation of the stages of computation of
performance prediction when the background is
noise alone and fig. 3 is this representation
when the background is noise and interference.
It should be noted that the method requires as-
sumptions and approximations because there
are no accessible data concerning the correla-
tion among the various modes which may Si-
multaneously exist.

3. Performance prediction procedures
3.1. Early studies

Prevailing procedures for HF performance
prediction evolved progressively, starting in the
1930s with uncoordinated studies by radio sci-
entists and engineers in some countries. Priority
was assigned to the estimation of the monthly
median MUF. Work started above all during
World War 11 in different European countries,
Japan and U.S.A. with simple procedures using
hand-made charts and monograms, when no
computers were available.

The first network of ground-based ionos-
ondes was established during World War II
providing the basis for the production of charts
and monograms for estimating the MUF. Im-
mediately following World War II, the United
States agency Central Radio Propagation Labo-
ratory (CRPL) of the National Bureau of Stan-
dards and the French organization Service des
Prévisions Ionosphériques Militaire (SPIM)
were established and the first methods were de-
veloped (NBS, 1948; Laitinen and Haydon,
1950; Rawer, 1952). These procedures were ar-
duous and time consuming.

The development of analytical methodolo-
gies began with the advent of mainframe com-
puters. Action has been continued and, with the
rapid progress of microcomputers in the first
half of the 1980s, a number of different imple-
mentations of microcomputer methods have
been produced, at the beginning by governmen-
tal organizations, then by radio amateurs and
lastly by commercial organizations. Several
graphic and tabular output options provided dif-
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Circuit parameters (locations, power, antennae, bandwidth,
required signal-to-noise and signal-to-interference ratio), hour,
month, solar activity index

Determine ionospheric reflection positions, Earth’s magnetic
field, electrical ground parameters

]

Predict values of ionospheric characteristics and model
arameters

kompute antenna patterns

.

Igetermine MUF ]

Evaluate atmospheric, man-made and galactic noise

Evaluate monthly median sky-wave field strength (or available
receiver power) of wanted signals, signal-to-noise ratio, LUF

Evaluate monthly median available receiver power of
interfering signals and resultant signal-to-interference ratio

Predict upper and lower decile deviations (day-to-day and
within-the-hour) of wanted and interfering signals

Predict signal-to-noise upper and lower decile deviations (day-
to-day and within-the-hour) of wanted and interfering signals

Evaluate reliability in the presence of interference only
(without noise)

]
—

Fig. 3. Simplified schematic representation of the
stages of computation of performance prediction
when the background is noise and interference.

kﬁomputc basic circuit reliability (BCR)

Igompute overall circuit reliability (OCR)

ferent combinations of parameters like iono-
spheric characteristics, antenna patterns, me-
dian and decile MUF and LUF, optimum work-
ing frequency, take-off angles, propagation
modes, sky-wave field strength, available re-
ceiver power, signal-to-noise ratio or service
reliability. Much attention has been devoted to
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friendly presentation. Several «standard» inputs
and outputs have been widely adopted. This
section reviews the steps towards improved
procedures.

3.2. Historical development of ITU methods

There has been more than forty years of in-
tensive efforts in the International Telecommu-
nication Union (ITU) involving a number of
countries.

In 1956 the CCIR established a Working
Party to try to develop an agreed method for in-
ternational use, to produce an associated com-
puter program, to promote sky-wave field
strength measurements and to generate proce-
dures for comparing measurements and predic-
tions. The first objective was to amalgamate the
procedures developed in different countries.
Four separate prediction methods were subse-
quently generated by the CCIR/ITU-R.

The first CCIR method «Report 252-2» was
adopted in 1970 (CCIR, 1970) by mixing dif-
ferent aspects from various prediction methods
(Barghausen et al., 1969; Beckmann, 1967;
Halley, 1965; Harnischmacher, 1960; Kasantsev,
1956; Laitinen and Haydon 1950; Lucas and
Haydon, 1966; Miya and Kanaya, 1955; NBS,
1948; Piggott, 1959; Rao, 1952; Rawer, 1952).
It was recognised that the method was gener-
ally satisfactory but it has a number of imper-
fections.

The Working Party investigated potential
improvements and different feasible approaches
were proposed. A ray path homing procedure
was applied. The George and Bradley (1974)
ionospheric absorption, the Foppiano (1985)
auroral absorption, horizontal and antipodal
focusing, sporadic-E reflection losses and
above-the-MUF loss were introduced. The sec-
ond CCIR method «Supplement to Report
252-2» was then issued in 1980 (CCIR, 1980).
The concept of this method, which incorporated
more advanced ionospheric and propagation
model, is more refined. However, further tests
showed that the first method had comparable
accuracy to the second more complex method
and it was recommended that the first method
be used provisionally until the replacement by a
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new method. Nevertheless, this method is ap-
propriate for use in specific cases, e.g., where
additional information is required and for assis-
tance in the development of improved methods.

For broadcast planning requirements it was
decided to produce a relatively simple method
allowing a large number of compatibility com-
putations in a short time with existing comput-
ers at that time. The third CCIR method «Re-
port 894» was issued in 1990 (CCIR, 1990a).
The field strength model is a combination of a
simplified version of the CCIR method «Report
252-2» for path lengths less than 7000 km and
the FTZ model developed by the Deutsche
Bundespost (Damboldt 1975; Damboldt and
Suessmann, 1989) for path lengths greater than
9000 km, with interpolation in the interval.

The procedure was refined in the light of ex-
perience gained in the implementation of a
rapid computation method «<HFBC-84» for the
use of the HF Broadcast World Administrative
Radio Conference (ITU, 1984) and of extensive
testing within ITU-R Study Group 3. The cur-
rent ITU-R procedure is now «Recommenda-
tion ITU-R P.533» (ITU-R, 1995b). Antenna
gain is calculated at both the transmitter and the
receiver for ten different types of antenna ac-
cording to Recommendation ITU-R BS.705
(ITU-R, 1995c). The procedure has been ex-
panded to include the estimation of sig-
nal-to-noise ratio, LUF and circuit reliability.
The standard deviation between predicted
monthly median sky-wave signal intensities
and values derived from measurements in the
ITU-R agreed data bank has improved from
about 15 dB to about 10 dB. The computer im-
plementation of this method, program REC533
version 3.0 (30 October 1996), was produced
together with a user’s guide and made available
for distribution by the ITU. This new version of
the program is in accordance with the revised
Recommendation. In particular, the improved
modelling of ionospheric absorption and the
new definition of basic circuit reliability of
Recommendation ITU-R P.842 (ITU, 1994d)
were incorporated. The opportunity was also
taken to upgrade the program with the provi-
sion of a multi-mode output option. Figure 4 is
one example of the seven available outputs of
the program REC533 while fig. 5 is an example



Performance prediction of HF radio systems

HETHOD & RECS33 VERS-3 30.0CT. 26 PAGE 5
JUN 1390 33N = 148,
LONDON LOG. FER. ROME AZTMITHS 3P N. HI. KN
51.15 W Ll0Ww 41.85 W 12.50 E 132.26 321.44 761.5 1410.2
MIN ANG 3.0 DEG TEEAR. 130.0 REEAR .0 FUR 10.00 KW
TX LPH 18/35/30/30/3/ 3.0- 30.0 MHz RX ISOTROPIC 2.0- 30.0 MHz
3/N% 50 NOISE CATEGORY 2 6000 HZ FEX EDUTH REQ /N & LB
UT MOF LUF FOT OFMUF
12 18.6 5.0 6.0 §.0 10.0 12.0 14.0 18.0 22.0 26.0 .0 FEEQ 6.9 17.9 18.8
1E 1E 1E 1E 1E 1E 1F2Z 1E 1E 1E 0 MODE
& o [ [ 6 6 28 6 6 3 0 ANGL
33 -6 8 2l 30 36 40 37 39 23 -999 DEU
34 -15 0 15 24 30 35 33 36 25 -899 5/0
.28 .01 .15 .75 .93 .99 9% .87 .95 .91 .00 FS/W
24 12.2 5.0 6.0 5.0 10.0 12.0 14.0 18.0 22.0 26.0 .0 FFEQ 4.3 13.0 15.3
lrz 1Fz 1Fz 1Fz 1F2 1F2z 1F2 1FZ 1F2z 1F2 0 MODE
3l 13 15 13 Z5 31 31 33 343 0 ANGL
45 45 43 49 40 44 32 g 15 -5 -999 LEU
39 32 36 40 33 38 27 4 12 -8 -999 &/N
.95 .99 .99 99 93 99 .92 .34 .65 .04 .00 Fs/N

Fig. 4. Example of program REC533 method 6 output.

FIELD STRENGTH == [II] NOISE ==> (.
S/N RATIO WHEN < S/N RATIO REQ.
S/H RATIO WHEN > OR = S/N RATIO REQ.
DB/MICRO-U/M,DB  S/N RATIO AT THE MUF ==)> —
100
80
60

40

o ﬂII.HH

1 3 5 ? 9 11 13 15 17 19 21 23

FREQUENCY == 8 MHZ Ut
RETURN TO CONTINUER

Fig. 5. Example of Program R533238 graphical presentation of field strength, noise and signal-to-noise ratio
for the circuit of fig. 4.
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of another of the seven available outputs of a
«modified» program REC533 that has the same
seven outputs as the standard REC533 except
that f{F, and M(3000)F, are generated using the
PRIME map algorithms within the COST 238
area (Dick, 1998). Although designed to be rel-
atively simple and quick to use where large
numbers of path computations were to be per-
formed, it has proven to be sufficiently accurate
for the prediction of HF circuit performance
and system design.

3.3. Overview of performance prediction
procedures

There are many performance prediction pro-
cedures generated by different organisations.
The earliest procedures provided only iono-
spheric reflection parameters while the later
ones included systems parameters. Table III
shows the more familiar of these and the suit-
able references. Comment on selected proce-
dures are presented.

A long chain of methods has been generated
by United States Department of Commerce
at Boulder, Colorado including ITSA-1 (Lucas
and Haydon, 1966), ITS-78 (Barghausen et al.,
1969), HFMUFES4 (Haydon et al., 1976),
IONCAP (Teters et al., 1983). ITSA-1 was pre-
sumably the first computerised procedure using
a fully numerical representation of ionospheric
characteristics. MUF variability, circuit and
service reliability were for the first time in-
cluded. IONCAP (Ionospheric Communica-
tions Analysis and Prediction Program), the lat-
est mainframe computer program produced at
Boulder, included more advanced ionospheric
behaviour representation, antenna gain models
and transmission loss factors. HFMUFES4 and
IONCAP were widely used in many countries.
These methods have influenced the develop-
ment of the scheme of other prediction meth-
ods. At the same time, the United States Naval
Research Laboratory has developed its own
procedure «<KRADARC» (Thomason et al., 1979)
mainly for the performance evaluation of HF ra-
dar systems. The existing procedures have been
extended by SRI International (Hatfield, 1980),
under sponsorship of the United States Defense
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Nuclear Agency, to incorporate the following
features: sporadic-E modes and losses on reflec-
tion and transmission, a model of the auroral
ionosphere and a model of auroral absorption
that varies with magnetic activity.

A different approach was adopted in the
Deutsche Bundespost by Ochs (1970), Dam-
boldt (1975) and Damboldt and Suessmann
(1989). This FTZ technique was based on a
fully empirical representation of field strength
generated from measurements of sky-wave sig-
nal intensities of a number of circuits with the
large majority of the paths terminating in Ger-
many.

Methods for predicting the performance of
HF radio systems have a wide range of applica-
tions in developing countries located mostly in
tropical and sub-tropical regions. Methods used
were presented by Xianru and Zhenzhong
(1987), Reddy et al. (1987) and Péres (1987) in
a joint Handbook that can be used as a refer-
ence document by developing countries.

One of the first microcomputer programs
was MINIMUF-3 (Levine et al., 1978). At this
time the main difficulty was to obtain an ade-
quate simple and accurate microcomputer-
based prediction of the world-wide variations
of ionospheric characteristics. MINIMUF-3
used a simplified empirical ionospheric model
for MUF predictions in a mobile environment
that was originally used in the Propagation
Forecast Terminal (PROPHET) of the United
States Naval Ocean Systems Center. A number
of improved versions have been generated, the
more familiar were MINIMUF (Rose, 1982)
and the latest named MINIMUF-85 (Sailors
etal., 1986). MINIMUF was one of the foremost
programs unrestrainedly distributed to the pub-
lic and widely used by the radio amateurs com-
munity. This technique was subsequently de-
veloped by Deveureux and Wilkinson (1983)
and used by Gerdes (1984) who introduced the
method of predicting the ionospheric absorp-
tion described by George and Bradley (1974).
An alternative way of representing the F-layer
characteristics was given by Fricker (1985)
based on a set of functions constructed to fit the
ITU reference ionospheric maps and was intro-
duced in a simplified propagation prediction
method (Fricker, 1987). The approach chosen
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Table III. Example of performance prediction procedures.

Method name

Organization

References

Circular 462
RPU-9

SPIM method
USSR method
DSIR method
ITSA-1

ITS-78

FTZ

CCIR Report 252-2
HFMUFES4
MINIMUF-3

RADARC

CCIR Supplement to
Report 252-2

AMBCOM
MINIMUF
IONCAP
HFBC-84
MICROPREDIC
MINIMUF-85
Fricker method
HFRPCP86
MICROP2

NPL

HFPROP
MINIFTZ
IONOPROP
CCIR Report 894
EINMUF
ASAPS

SPARC

ITU-R
Recommendation 533

CRPL, CO, U.S.A.

U.S. Army Signal Radio
Propagation Agency, NJ, U.S.A.

SPIM, France

Academy of Sciences, U.S.S.R.
Appleton Laboratory, U.K.
ITS, Boulder, CO, U.S.A.

ITS, Boulder, CO, U.S.A.
Deutsche Bundespost

CCIR

ITS, Boulder, CO, U.S.A.
NOSC, San Diego, CA, U.S.A.

ITS, Boulder, CO/NRL,
Washington, DC, U.S.A.

CCIR

SRI International, U.S.A.
NOSC, San Diego, CA, U.S.A.
ITS, Boulder, CO, U.S.A.
WARC/ITU

CRC, Ottawa, Canada

NOSC, San Diego, CA, U.S.A.
BBC, UK.

CNET, France

RAL, UK.

NPL, India

WARC/TU

Deutsche Bundespost

Hitney, MA, U.S.A.

CCIR

NRL, Washington, CA, U.S.A.
IPS, Australia

Institute for Applied Geophysics, U.S.S.R.

ITU-R

NBS Circular 462 (1948)
Laitinen and Haydon (1950)

Rawer (1952); Halley (1965)
Kasantsev (1956)

Piggott (1959)

Lucas and Haydon (1966)
Barghausen et al. (1969)
Ochs (1970)

CCIR Report 252-2 (1970)
Haydon er al. (1976)

Levine ef al. (1978)
Thomason et al. (1979)

CCIR Supplement to Report
252-2 (1980)

Hatfield (1980)

Rose (1982)

Teters et al. (1983)
ITU (1984)

Petrie et al. (1986)
Sailors et al. (1986)
Fricker (1987)

Davy et al. (1987)
Dick and Miller (1987)
Lakshmi et al. (1987)
ITU (1987)

Damboldt and Suessmann (1989)
Hitney (1990)

CCIR Report 894-2 (1990a)
Daehler (1990)

IPS (1991)

Teryokhin ef al. (1992)

ITU-R Recommendation P.533
(1995b)
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by Hortenbach and Scholz (1982) was to store
the F-layer characteristics depending on the
user’s needs. Alternatively, the use of grid stor-
age of tabular values with spatial and temporal
interpolation has been adopted (Turner, 1985;
Damboldt and Sussmann, 1989). However for
world-wide applications the numerical coeffi-
cient approach is more efficient than the
grid-point procedure. The propagation predic-
tion method proposed by the CCIR to the HF
Broadcast World Administrative Radio Confer-
ence was adapted for microcomputers by Pan
and Ji (1985) and Petrie et al. (1986). Further-
more, in the last reference, computation of
noise and reception reliability were added.

As microcomputer storage capacities and
computing speeds increased, all these simplifi-
cations of mainframe methods disappeared. The
«IPS Advanced Stand Alone Prediction Sys-
tem» (ASAPS) developed by the lonospheric
Prediction of Australia (IPS, 1991) was widely
adopted in many countries. This program uses
the Australian 7-index (see section 2.1). The
former U.S.S.R. System of Prediction and
Analysis of Radio Communication (SPARC)
was designed for long- and short-term HF
ionospheric system performance prediction
(Teryokhin, 1992). Many methods have been
developed based on the MINIMUF, IONCAP
and IUT approach. It is now possible to count
in tens the Internet proposals of programs. The
ITU-R propagation prediction program (ITU-R,
1995b) can be obtained from the ITU.

4. Short-term prediction and operational
considerations

Long-term propagation predictions are is-
sued for representative ionospheric environ-
ments. Such predictions provide information
for example on the operational range of fre-
quencies and working conditions (such as an-
tenna types, transmitter power and required
signal-to-noise ratio) to have a reliable radio-
communication service 90% or 27 of the days
during one month- at a given hour. Neverthe-
less, there will be three days of the month
when the radiocommunication service is pre-
dicted unusable and fails. Most of the time,

732

these are the days of the month when the iono-
sphere is «disturbed». However some radio-
communication services would benefit from
having, as far in advance as possible, informa-
tion on the probable values of the lower and
the upper frequencies limits and disturbance
warnings.

The essential aim of short-term predictions
is to take account of temporary ionization
anomalies due to perturbations which cannot be
considered for long term predictions more than
a month in advance. Short-term predictions re-
fer to the hour-to-hour, day-to-day and week-
to-week variability. This variability is analyzed
generally with reference to long-term predic-
tions. The peculiar features of variability at
high latitudes should be emphasized, with par-
ticular attention to the occurrence of iono-
spheric patches and blobs (Radicella and de
Franceschi, 1996). The anomalies are either ab-
normally low or abnormally high ionization
levels, where the latter may be accompanied by
excessive absorption in the lower layers of the
ionosphere. Short-term prediction techniques
are therefore based on detecting and identifying
as quickly as possible all solar and geomagnetic
phenomena likely to precede ionospheric per-
turbation and evaluating the scale of such per-
turbations. Short-term prediction techniques in-
volve identifying the solar and geomagnetic
events, amongst those that are constantly ob-
served, that are precursors of ionospheric dis-
turbance. This first of all requires a rapid col-
lection of a large quantity of data from various
observatories scattered throughout the world. It
is then necessary to analyse the data in order to
identify and understand the geophysical phe-
nomena as they emerge. The possible conse-
quences for radiocommunication services can
be worked out with reference to similar situa-
tions that appeared earlier.

Since 1962, through the International Ursi-
gram and World Days Service, these data are
collected from solar and ground observatories
around the world, coordinated and exchanged.
The information is regularly transmitted by ra-
dio at scheduled times by certain countries,
transmitted by telex during more than three de-
cades and now are distributed by using more
modern exchange support from the organiza-
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tions to regional centres which in turn distribute
them to users of this service. In particular,
real-time solar and space environment informa-
tion is now available on Internet. Material dis-
tributed can be divided into two categories:

— Results of observations of the main solar
parameters (description of sunspots, summaries
of survey on solar flares, intensity of coronal
line emissions, measurements of radio flux
from the sun at different frequencies), geomag-
netic data, flux values of cosmic rays, iono-
spheric data (ionospheric characteristics ob-
tained from vertical soundings, absorption ob-
servations and sudden ionospheric distur-
bances) and auroral observations.

— Predictions for solar and geomagnetic pa-
rameters (radio flux, X-ray radiation probability
and magnetic activity indexes) made by spe-
cialists in these different fields, attached to the
observatories.

Information on availability and exchange of
basic data and radio propagation forecasts are
given in ITU-R (1995d) including an outline of
the services provided by organizations which
currently issue short-term forecasts. Material on
short-term prediction of solar-induced varia-
tions of operational parameters for ionospheric
propagation is mainly to be found in CCIR
(1990b) and in two independent series of publi-
cations: those of the Special Committee on So-
lar-Terrestrial Physics (SCOSTEP) which, in
cooperation with the Committee on Space Re-
search (COSPAR), organizes every three or
four years symposia on the subject and those of
the International Ursigram and World Days
Service which has initiated a series of periodic
workshops devoted more especially to tech-
niques for predicting solar-terrestrial relations
(Hruska et al., 1992). The greatest fractional
variations in the E and F regions arise in JF
Therefore a useful improvement in modelling is
to use near real-time locally measured values of
JoF, to predict short-term MUF variations. Prac-
tical schemes for short-term forecasts are de-
scribed in CCIR (1990c).

In order to take full advantage of the HF
communications potential of the ionosphere
and to overcome its inherent variability, fre-
quency management should be implemented in
three stages, namely long-term prediction,
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short-term prediction and real-time channel
evaluation (RTCE). According to Darnell (1978),
«real-time channel evaluation is the term used
to describe the processes of measuring appro-
priate parameters of a set of communication
channels in real time and of employing the data
thus obtained to describe quantitatively the
states of those channels and hence the relative
capabilities for passing a given class, or classes
of communication traffic». RTCE is the third
stage for a frequency management system re-
quired to maintain reliable high quality HF
communications under even the most adverse
conditions. It is at this stage that all available
assigned frequencies, as indicated by short-term
forecasts of the usable frequency band, are ex-
amined in real-time to see which is the best to
use for a given communication purpose. At this
stage, account is taken of interference from
other users. When predictions are employed for
real-time frequency management, it is usual to
seek to update the long-term predictions in
terms of locally measured real-time values of
SoF, or magnetic K-index. For following investi-
gations, vertical-incidence, oblique-incidence or
backscatter soundings and in-channel soundings
can be used to improve representations of the ef-
fective ionospheric conditions. A summary of
RTCE techniques is provided in CCIR (19904d).

S. Future needs and improvements

Within the last thirty years performance pre-
diction accuracy has significantly improved
with the introduction of numerical mapping
methods which allow the applicability of realis-
tic models of ionospheric propagation and the
HF radio systems performance programs have
been extensively revised. However, despite the
considerable progress obtained during the last
decade, there remain studies that should be pur-
sued further in order to improve and to develop
the techniques.

The fundamental limitation to further im-
provements appears now to be the lack of better
statistical variability knowledge of the iono-
spheric and noise parameters and their interre-
lations. Further studies should include for ex-
ample modelling of sporadic-E, spread-F, irreg-
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ularities and transient phenomena and the verti-
cal distribution of electron density. In particu-
lar, efforts should also be pursued towards the
development of hour-to-hour and day-to-day
variability modelling and prediction capabili-
ties, especially for the sporadic-E layer. An-
other example of further requested improve-
ment is the production of methods for calculat-
ing the reliability and compatibility of HF radio
systems. Furthermore, a more complete de-
scription of the ionosphere is desirable with the
development of systems using digital modula-
tion techniques and the introduction of opera-
tional over-the-horizon HF backscatter radars
for frequency management and surveillance.
Requirements for prediction and forecasting
methods improved over those currently avail-
able internationally are identified in this sec-
tion. The parameters that should be taken into
account are indicated. A variety of procedures
that should be developed are examined for im-
provement of performance prediction.

5.1. Models
5.1.1. Tonospheric characteristics

The sources of error in ionospheric model-
ling primarily include the following:

— The insufficiency of data in a particular
geographic area.

— The smoothing of basic data intrinsic to
the mathematical representation.

— The unstable and changeable relations be-
tween the ionospheric characteristics and the
solar activity index both in the rising and de-
scending phase of the solar cycle and from cy-
cle to cycle.

Data banks of digitized measurements of the
standard ionospheric characteristics for all lev-
els of solar activity for 3-4 solar cycles are now
readily accessible. It is hoped that future im-
provements in the representation of F, peak
density and peak height, including the question
of long-term trends of ionospheric change
which has not yet been answered, can be ob-
tained with this larger ionosonde data base and
also by applying more sophisticated numerical
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analysis procedures. Particular attention should
be given to improvements in the representation
of the ionospheric characteristics over ocean re-
gions, at high latitudes and in the tropical zone.
The potentiality of representation of the auroral
oval for distinct levels of magnetic activity also
merits attention. Through lack of an available
model, the prediction procedures currently used
assume a constant value of peak height for the
E-layer: introduction in the future of a diurnal
variation may be possible.

Studies towards the new COST 251 monthly
median mapping procedures are as follows:

— Modification of monthly median iono-
spheric parameters given by existing COST 251
models extended in area by the use of formula-
tions that characterize specific features of the
high latitude ionosphere such as auroral oval,
the F, region ionization trough, the ionization
due to auroral E layer formation, auroral ab-
sorption and electron-density irregularities in
the E and F regions.

— Development of a regional ionospheric
model by expanding ionospheric data available
in the COST 251 data bank into spherical har-
monics allowing for the longitudinal variation
and the best correlation function between iono-
spheric and solar-geomagnetic parameters.

— Consideration of neural network models as
an alternative to classical models of time series
prediction (Lamming, 1997).

In order to achieve these targets, improve-
ment in the world-wide ionospheric observing
programme for numerical mapping purposes
may be of benefit, in particular by improving
the availability of the data from the existing
network of ionosondes and expanding the exist-
ing network for regions where the data are
limited.

5.1.2. Electron-density height profile

An improved model of the vertical height
distribution of electron concentration in the D,
E and F regions may be needed using the most
extensive ionospheric database derived from
the world network of ionosondes and other
available ionospheric and solar-geophysical pa-
rameters as necessary including ionospheric ob-
servations from satellites.
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5.1.3. Transmission loss and gain factors

There are five areas of expected improve-
ments that should be incorporated into revision
of the methods of evaluation of transmission
loss and gain factors.

— A better technique for taking account of
auroral absorption is necessary knowing that
this absorption is much more correlated with
magnetic activity than it is with solar activity.

— The effects of sporadic-E in the F region
oblique-path signal intensities are included in a
simplified way and current procedures ignore
the incidence of spread-F. Further studies may
be of interest.

— The importance of scatter propagation,
whether from the ionosphere or the ground,
needs more consideration.

— An improved approach to the prediction
philosophy is needed to allow for the correla-
tion between daily values of the MUF and field
strength to derive loss formulae appropriate to
the principal propagation mechanisms that have
been identified.

— Existing relations for antenna patterns are
appropriate to antennas sited over perfect
ground and the effect of real earth is introduced
in a simplified way. The new improved antenna
models that are now becoming available should
be included in revised methods. In order to be
able to calculate polarization-coupling loss, an-
tenna relations are needed which include this
wave polarization.

5.1.4. Characteristics of radio noise
and interference

A better knowledge of the characteristics of
natural and man-made radio noise from local
and distant source noise and interference pa-
rameters, including the directions of arrival and
the relation to changes with geophysical condi-
tion, such as solar activity, will contribute
greatly to the improvement of system perfor-
mance. Evaluation of the noise and interference
parameters should be addressed in consider-
ing various modulation methods for system
design.
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Because the current models are based on old
and scattered data, it is desirable to carry out
noise and interference measurements and to
produce a statistical description of spectrum oc-
cupancy.

5.1.5. Propagation model

It is desirable to improve the current meth-
ods for the estimation of oblique ray paths and
determination of MUF using the best available
model and to investigate whether this objective
can be most effectively achieved using derived
algorithms for mirror height and MUF or by di-
rectly ray-tracing through the model. This
should include the estimation of the elevation
angle of launch and arrival for the path since
these angles determine the choice of the most
suitable transmitting and receiving antennas on
which circuit reliability depends. When consid-
ering the MUF, it is imperative to introduce
also horizontal gradients in the E and F regions
in opposition to accessible methods.

Specific attention should be paid to E-layer
screening on paths beyond 2000 km and to
mixed modes involving successive reflections
from more than one ionospheric layer and to
path length beyond about 10 000 km, especially
for propagation off the great circle.

5.1.6. Reliability

Verification of the accuracy of current meth-
ods used in reliability calculations is fundamen-
tal. In particular, improved methods may be
needed for estimating the circuit reliability of a
path for which several propagation modes exist
which takes account of the separate availability
of the different modes.

The extension of the present methods of
evaluation for the various types of reliability to
include the effects of dispersion is essential. In-
formation on description of the channel transfer
function in appropriate statistical or simplified
form may of mayor interest.

Finally, improvements in the frequency range
1.6 to 3 MHz are necessary particularly for
long-distance paths.
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5.1.7. Hour-to-hour and day-to-day variations

The inadequacy of current procedures for
taking account of the statistical variations of
ionospheric parameters is obvious. Predictions
of standard vertical-incidence ionospheric char-
acteristics which are exceeded for specific per-
centages of the time, e.g. 90% and 10%, are
based on large simplified assumptions. There
are no satisfactory methods currently available
for the prediction of ionospheric variability in-
corporating statistical description of sporadic
E-layer characteristics and travelling iono-
spheric disturbances. It should be noted that the
available information on sporadic E is insuffi-
cient to provide statistical data of the type
needed by telecommunication engineers, espe-
cially for circuits at high latitudes. Further con-
sideration ought to be given to the loss statistics
to include the effects of the sporadic-E layer
and above-the-MUF propagation mechanisms.
In order to achieve this, the availability of
hourly, daily and 5-min interval values is re-
quired.

5.1.8. HF performance prediction at high
latitude

The behaviour of the ionosphere at high lati-
tudes differs from that at lower latitudes princi-
pally because it is exposed to the influence of
disturbances in interplanetary space and in the
magnetosphere. Irregularities and transient phe-
nomena, rapid ionospheric changes, fading,
time and frequency spread of signals, large
horizontal gradients and greater path loss for
multi-hop modes over the ice-caps than
multi-hop paths elsewhere have a disastrous in-
fluence on HF communication at high latitude.
Major progress has been made in the develop-
ment of refined models for the high latitude
region. However HF performance prediction
in the irregular high latitude ionosphere re-
quires a particular operational model of the
spatial and temporal distribution of electron
density which is now unavailable. The spe-
cific propagation predictions at high latitude
may be very sensitive to the dynamic changes
in structures.
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5.2. Prediction procedures

The past decade has seen an increased so-
phistication in HF radio systems prediction pro-
cedures for system design, planning optimum
spectrum utilization and frequency manage-
ment. Nevertheless, the current methods do not
fully meet user requirements.

— The available prediction methods are in-
tended primarily for use for narrow-band or an-
alogue systems and are not adequate for the
prediction of the performance of digital sys-
tems.

— There are no suitable procedures, espe-
cially for systems using digital modulation
techniques, for prediction of multipath time
spreading, «multipath reduction factor» (factor
of the MUF for which the range of multipath
propagation is less than a specified value),
«Doppler reduction factor» (fraction of the
MUF below which one must operate in order to
remain below a certain specified Doppler
spread), dependence of delay time on frequency
relative to the MUF and path length and
Multipath probability.

The main matters to be addressed are:

— Prediction of the variations of the charac-
teristics of received signal with frequency,
time, location, polarization and the characteris-
tics of the antennas in use for digital modula-
tion techniques.

— Description of the channel transfer func-
tion in appropriate statistical or simplified
form.

— Information on time delay, time and
frequency spreads and shifts (multipath and
Doppler).

— Information may be also of interest on am-
plitude distribution, rapidity of variations, dif-
ferential fading with antennas diversity and fre-
quency diversity, phase and reflection and scat-
tering by irregularities.

Current work within the ITU-R includes the
following:

— To derive a representative model iono-
sphere suitable for both analytical and numeric
ray tracing and to undertake tests using this
model.

— To deduce algorithms for both F, and F,
region mirror height and MUF.
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— To produce modified versions of the Rec-
ommendation ITU-R P.533 computer program
and to carry out prediction-measurement com-
parisons using the latest appropriate data bank.

— To describe the channel transfer function
in appropriate statistical or simplified form.

— To extend the present methods of evalua-
tion for the various types of reliability to in-
clude the effects of dispersion.

— To seek to derive loss formulae appropri-
ate to the principal propagation mechanisms
that have been identified.

— To promote the extension of HF measure-
ment campaigns and the development of an au-
tomated receiver.

— To collect data using measuring systems
in accordance with standardised procedures.

— To produce a data bank of daily-hourly
values of received signal intensities.

5.3. Short-term forecasting and now-casting

Accurate, quantitative short-term predictions
of ionospheric variations a few hours and days
in advance would allow more satisfactory utili-
zation of radio frequencies and enlarge the reli-
ability of HF radio systems.

Information is needed in particular on the
following operational parameters:

— Hour-to-hour and day-to-day ionospheric
variations which may be local in influence.

— Widespread disturbances associated with
major geophysical or solar events.

— Amplitude and duration of ionospheric
storms and their occurrence with time, location
and solar activity.

— Attenuation, atmospheric noise, fading,
multipath interference, group path delay and
scattering.

Improvement in the world-wide ionospheric
observing program for short-term and now-
casting purposes may be of interest, including
the availability of the data from the existing
network of ionosondes which are not always
accessible, the expansion of the existing net-
work and the collection of additional quantities
and types of ionospheric information.

As an alternative to classical empirical pre-
diction methods, the neural network approach
should be helpful.
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6. Conclusions

The principal performance prediction meth-
ods of HF radio systems have been reviewed.
An important effort have been made in the gen-
eral area of modelling and a number of very
useful techniques were developed. Long-term
predictions are required for radio system design
and testing and for military and broadcast plan-
ning for some duration. Short-term predictions
are specially relevant for the optimum use of
the HF spectrum. There are a number of defi-
ciencies in current procedures and most of them
have been discussed. Developments which ap-
pear beneficial to consider further have been
noted. Hopefully, research effort will continue
to improve techniques using the developing sci-
ence being gained in the upper atmosphere
physics community interested in the dynamics
of both the neutral and ionised atmospheres and
the importance of the ionospheric and solar in-
teractions. These studies may lead to basically
different and new techniques of producing iono-
spheric predictions.

Finally, it should be emphasised that inter-
national co-operative research is absolutely
necessary. Continuation of international co-op-
eration in data collection will allow the devel-
opment of new improved procedures. Advances
in performance modelling and prediction
should be achieved also by bringing together
groups working in two areas, namely groups
with objective radio engineering applications
and groups that place more emphasis on radio
science.
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